Symmetry transformations have been proven a bedrock tool for understanding the nature of particle interactions, formulating and testing fundamental theories. Based on the up to now unbroken CP T symmetry, the violation of the CP symmetry between matter and antimatter by weak interactions, discovered in the decay of kaons in 1964 and observed more recently in 2001 in B mesons, strongly suggests that the behavior of these particles under weak interactions must also be asymmetric under time reversal T . However, until the recent years there has not been a direct detection of the expected time-reversal violation in the time evolution of any system. This Colloquium examines the field of time-reversal symmetry breaking in the fundamental laws of physics. For transitions, its observation requires an asymmetry with exchange of initial and final states. We discuss the conceptual basis for such an exchange with unstable particles, using the quantum properties of Einstein-Podolsky-Rosen (EPR) entanglement available at B meson factories combined with the decay as a filtering measurement. The method allows a clear-cut separation of different transitions between flavor and CP eigenstates in the decay of neutral B mesons. These ideas have been implemented for the experiment by the BABAR Collaboration at SLAC's B factory. The results, presented in 2012, prove beyond any doubt the violation of time-reversal invariance in the time evolution between these two states of the neutral Bmeson.
In particle physics not all processes are expected to run in the same way with time in one sense as they do in the opposite sense, a symmetry transformation known as time reversal T . The direct observation of this phenomenon in neutral B mesons was reported by the BABAR Collaboration at SLAC in November 2012 1 , and was echoed in other journals and magazines [2] [3] [4] [5] [6] [7] . The socalled CP T theorem, applicable to phenomena described by a local quantum field theory with Lorentz invariance and Hermiticity, implies that the CP violation observed in 1964 with neutral kaons 8, 9 and in 2001 with neutral B mesons 10, 11 should also reveal independently a T violation for those systems. Why 48 years after the discovery of CP violation? The conceptual basis for solving the problem of how to probe time reversal with unstable systems was proposed [12] [13] [14] in 1999 through the Einstein-Podolsky-Rosen (EPR) quantum entanglement of the two neutral B mesons produced at the so-called B factories, in addition to using their two decays as filtering measurements to project definite states of the neutral B meson. In this Colloquium we review the fundamentals of time-reversal symmetry, its implication for transitions between two quantum states of the neutral B meson, the implementation of genuine T asymmetries by means of specific decay channels, and the experimental analysis leading to the direct detection performed by BABAR at a significance of 14σ.
The outline of the article is as follows. We first introduce the basics of time-reversal physics, presenting briefly the role of the time-reversal symmetry in the fundamental laws of classical and quantum mechanics, the different scenarios to search for T violation and to prove it experimentally, in particular when considering unstable systems. In Sec. III we introduce the B factories and discuss how the quantum entanglement in decays of the Υ (4S) resonance has been employed during the last decade to perform flavor tagging for exploring CP violation in neutral B mesons. Section IV discusses how the lack of definite states of the two mesons in the entangled system before their decay can lead to either flavor tagging or "CP tagging" for the preparation of neutral B meson states required to directly test time-reversal symmetry. Section V briefly presents the BABAR detector and data sample, describes how the time-reversal physics is extracted from the data, and summarizes the results and their interpretation. We conclude and discuss some perspectives in Sec. VI.
II. TIME-REVERSAL SYMMETRY IN PHYSICS
Time enters at the most elementary level as a parameter in the description of physical phenomena, serving to identify the order of a sequence of events in the evolution of a physical system. Quantitatively it can be constructed in terms of a well established and continuing sequence of repetitive events. If the period of repetition is constant it may be used as a unit of time. An accurate definition of this unit is a prerequisite to reach a good precision in time measurements to observe the details of the evolution.
The symmetry transformation that changes a physical system with a given sense of the time evolution into another with the opposite sense is called time reversal T . It corresponds to changing the sign of the velocity vector v or the momentum p, without changing the position r. In the dynamical equations of motions, or their solutions, such a transformation corresponds formally to replacing t by −t. The T transformation changes the sign of other dynamical variables such as angular momentum. For fields, the magnetic field changes its sign under time reversal, whereas the electric field does not.
A. Classical and quantum mechanics
The time-reversal transformation in classical mechanics corresponds to substitute for each trajectory r(t) the trajectory r(−t), i.e. to moving along the given trajectory with the opposite velocity at each point, as illustrated in Fig. 1 . It is not obvious that the dynamics remains invariant under this T transformation. If the original trajectory is dynamically possible, dp/dt = F with a force F depending on the sense (sign) of the velocity leads to a violation of T invariance.
In quantum mechanics, Wigner's time-reversal transformation 15 , keeps the Schrödinger equation, i ∂ψ(t)/∂t = Hψ(t), invariant under a T transformation if the Hamiltonian H is real. This has three fundamental consequences [16] [17] [18] [19] . First, the T operator is antiunitary. This property can be seen, for example, evaluating the scalar product of two states, ψ T (t)|φ T (t) = ψ(−t)|φ(−t) * = φ(−t)|ψ(−t) .
Thus, time reversal has to do with interchange of bra and ket states. Second, the complex conjugation implies that time reversal does not have observable and conserved eigenvalues, unless ψ(t) is purely real. Third, for a plane wave with momentum p, ψ(r, t) = exp[i(p · r − Et)/ ], the time-reversed wavefunction is ψ * (r, −t) = exp[i(−p · r − Et)/ ], i.e. the T -transformed function describes a particle with momentum −p and energy E, thus it is not necessary to interpret the transformed function as a particle going backwards in time. For this reason the T transformation is often referred to as "motion reversal" rather than "time reversal".
The T transformation is implemented in the space of states by the antiunitary operator U T in such a way that, for spinless particles, where time-reversal invariance is assumed when passing from the first to the second lines of Eq. (5) . As a consequence, the comparison between i → f and U T f → U T i transitions is a genuine test of this invariance. It is because of these special properties that the role of time reversal is distinct from that of any other symmetry operation in physics, and makes its experimental investigation significantly more difficult than other symmetries.
Therefore, time-reversal in classical mechanics as well as in quantum mechanics is related to the following fundamental question (see Fig. 1 ): consider a point over a trajectory (a state in quantum mechanics), invert the velocities of all particles in that point, and let it evolve; shall we obtain the former initial point of the trajectory with all velocities reversed? Obviously, for a fair comparison the experiment should be repeated in the laboratory with exactly the same boundary conditions as in the T mirror, since the motion is not only determined by the equations of motion but also by the boundary conditions, and the symmetries of the motion cannot be greater than those of the latter. From Newton's mechanics to electrodynamics, the dynamical laws of physics are symmetric under T transformation.
Motion-reversal symmetry implies, for a given configuration of energy-momenta and spin, the reciprocity relation [16] [17] [18] [19] : the probability of an initial state i being transformed into a final state f is the same as the probability that an initial state identical to f , but with momenta p and spins s reversed, transforms into the state i with momenta and spins reversed,
where S is the transition matrix determined by the Hamiltonian H. Here, |i ≡ |p i , s i and f | ≡ p f , s f | are the initial and final states, U T i| and |U T f are the transformed states of |i and f |, respectively,
It should be noted that T invariance is a sufficient, but not necessary, condition for Eq. (6). Therefore, a breaking of reciprocity is an unambiguous signal for T violation. If S is Hermitian,
T invariance implies T -odd invariance, and vice versa, where the T -odd transformation only refers to changing the sign of all odd variables under t → −t in H, without exchanging initial and final states. This occurs, for instance, to first order in weak interactions when final state interactions (FSI) can be neglected 19 . The reciprocity relation establishes a connection between the differential cross-sections for reactions a + b → c + d and c + d → a + b (detailed balance). It has been verified by experiment in nuclear reactions due to strong or weaker interactions, for example
Here, if is there any T violation it cannot exceed a half per mil.
B. Complex systems and the arrow of time
When discussing T violation we should clearly distinguish t asymmetry of complex systems. For example, our daily experience shows us that when a vase falls and breaks into pieces it is not possible that the pieces of the group fly back in reverse order, forming the vase. This macroscopic t asymmetry, also known as "arrow of time", is in the nature of thermodynamics. As discussed by Eddington 21 , the arrow of time is a property of entropy alone, a measurement of disorder: the arrow gives the direction of progressive increase of disorder in isolated systems. How it is then possible to generate thermodynamic irreversibility from fundamental laws that are T symmetric? The answer to this question is that the thermodynamic irreversibility is associated to the irreversibility of the initial conditions for systems with large number of degrees of freedom, larger for more disordered states, making very unlikely (although not forbidden) for a system to evolve from a disordered to a more ordered state. In the example of the falling vase, with O(10 24 ) of particles and collisions, it is not possible in practice to set up the initial conditions for the reversed process (positions and velocities).
There is no doubt that the Universe is expanding, even accelerating at the present times, thus we have a timeasymmetric behavior. But this Universe t asymmetry is perfectly compatible with T -symmetric laws of physics. If we think of the initial condition of our Universe (likely inflation [22] [23] [24] [25] ) as an improbable state, i.e. more ordered, the cosmological t asymmetry is probably connected with the arrow of time for complex systems. However, none of these time asymmetries is fundamental T violation.
In particle physics, as will be discussed further in detail in Sec. II E, decays are an example of thermodynamically asymmetric processes: the number of variables or degrees of freedom describing the final state is larger than the number of variables needed to describe the initial state.
C. Discrete symmetries broken by weak interactions
It is well known since 1957 that weak interactions have little respect for symmetries. That year space inversion (parity, P ) symmetry was discovered to be broken in beta decays [26] [27] [28] . Then, there was the hope that the combination of P with charge conjugation (CP ) was a good symmetry. But just a few years later, in 1964, there was discovered a small but unambiguous violation of the CP symmetry in K meson decays 8, 9 . More recently, in 2001, the B factory experiments BABAR and Belle, observed that CP is violated in B mesons 10, 11 . The now well established CP violation in the quark sector can be successfully accommodated within the Standard Model (SM) of particles and fields through the three-family Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing mechanism 29, 30 . It describes the coupling of the W boson to up and down quarks and conveys The bd unitarity triangle representing the CKM unitarity conditions. The three sides are determined from semileptonic and non-leptonic B decays, including B 0 -B 0 oscillations. Since they are of comparable length the angles are sizeable and one expects large CP asymmetries in B decays in the SM. There are other two triangles which almost collapse to a line. This gives an intuitive understanding of why CP violation is small in the leading K decays (ds triangle) and in the leading B s decays (bs triangle).
the fact that the quarks with definite properties under charged-current weak interactions are linear combinations of the quark mass eigenstates 31 . For three families, the unitarity conditions of the quark-mixing matrix V are represented by triangles in the complex plane, as illustrated in Fig. 2 , and lead to four fundamental parameters: three magnitudes and one single irreducible phase. In the Wolfenstein parameterization 32 we can write to O(λ 4 c ) as
where the index j runs over d, s, and b quarks, and λ c ≈ 0.226, A ≈ 0.814, ρ ≈ 0.135 and η ≈ 0.349 31 . Extensive tests of the CKM mechanism using all experimental data show a high degree of consistency 33 . Historically, Kobayashi and Maskawa extended in 1973 the 2 × 2 Cabibbo mixing matrix to 3 × 3 to explain the CP violation discovered nine years before, thus anticipating the existence of the third family of quarks, quickly confirmed with the discovery of the τ lepton in 1975 34 and of the fifth quark, the b, two years later 35 . All local quantum field theories with Lorentz invariance and Hermiticity respect CP T symmetry 36, 37 , in accordance with all experimental evidence 31 , hence there is a straightforward theoretical connection between CP and T violation (matter-antimatter asymmetry defines a preferred sense of time evolution). Since the SM is based on a quantum field theory satisfying the CP T theorem, it follows that the source of CP violation also requires of T -violating effects. With the complex Hermitian Lagrangian, genuine CP phases change sign for particles and antiparticles, so its experimental detection requires an interference experiment to observe the relative CP phase between the interfering complex amplitudes. Therefore, given the known CP violation in weak interactions in processes involving K and B mesons, T should also be broken in these systems. The question is whether the expected T asymmetry can be detected by an experiment that, considered by itself, clearly shows a motion-reversal asymmetry independent of CP asymmetries and CP T invariance.
D. Experiments probing T violation
There are two main types of experiments or observables that can be used to detect directly time-reversal noninvariance 14, 16, 17 . A non-zero expectation value of a T -odd operator for a non-degenerate stationary state. This is the case for an electric dipole moment (e.d.m.) of a particle with spin, which is also a P -odd, C-even quantity, as depicted in Fig. 3 . A parity transformation about the midplane of the sphere flips the e.d.m. d with respect to the magnetic dipole moment µ (spin), which remains unchanged, whereas a time-reversal transformation flips µ with respect to d, which is in this case unaffected. Thus, if either parity or time reversal are good symmetries, the particle cannot have an e.d.m. since one can distinguish the mirror picture from the original one. A non-zero e.d.m. can be generated by either strong T violation unless it is annulled by a Peccei-Quinn symmetry leaving the axion as remnant 38 , or by T violation in weak interactions. In the SM with the CKM mechanism, a non-vanishing e.d.m. of the neutron only appears at three-loop level. Hence, these experiments probe for physics beyond the SM. To date, no signals for e.d.m. have been found, although there are strong limits, as for the neutron and the electron, |d n | < 2.9 × 10 −26 e-cm and |d e | < 1.05 × 10 −27 ecm 31 . Experiments involving T -odd observables for weak decays (as well as electromagnetic transitions), constructed typically using odd products of the momentum and spin vectors of the decay products (initial and final states), are sometimes used. These observables are not genuine signals for T violation since initial and final states are not interchanged, and in general require detailed understanding of FSI effects since they can mimic T violation even with time-reversal symmetric dynamics 14, 17, 31 . In some cases, T -odd CP asymmetries can be built by comparing particle and antiparticle decays, without knowing the CP -even FSI phases (see for example 39 and references therein).
We might also consider transition processes. As discussed before and illustrated in Fig. 4 , the antiunitary character of the T operator demands the exchange of initial and final states to compare the probabilities 
, once the initial conditions, namely i in one case and U T f in the other, have been precisely realized. With stable particles one can consider neutrino ν e to ν µ mixing 40 , but this requires high-luminosity and long-baseline neutrino facilities. Alternatively, neutral K and B mesons, the unique systems for which CP violation has been detected, are a best choice for an experiment probing T non-invariance. Nevertheless, the thermodynamic irreversibility of these systems makes this option difficult, as discussed below. 
E. Unstable systems
A direct consequence of quantum dynamics is the negative-exponential time behavior of the decay of any unstable system into two or more particles, as given by the Fermi golden rule. The reversal of the exponential decay law reveals that the T transformation is not defined for a decaying state, thus it appears that the decay prevents proofs of motion reversal. This apparent imbalance in time has to do with initial conditions rather than with the dynamics under time reversal; we have assumed that the initial system is the unstable particle, but it should be formed by some process before. Hence, to address the question of time reversal we have to choose an initial time earlier so that the production enters into the process 17 . Fig. 5 . In the SM, this decay occurs through two different amplitudes (penguin and tree), with different weak phases and, in general, different strong phases. This is a general requirement 43 to generate a non-vanishing interference for particle and antiparticle decays 44 . This leads to a difference in the decay rates for CP conjugate processes, which we refer to as direct CP violation. The B meson production could be done in electron-positron annihilation reactions through the process
at a center-of-mass energy (c.m.) of 10.58 GeV. Here only one of the produced neutral B mesons is analyzed for its decay into K + π − or K − π + , whereas the other is not studied and might decay into any final state, say B 0 → X or B 0 → X. By CP T invariance the timereversed processes,
would have expected rates R 1 and R 2 , respectively. However, the experiment probing motion reversal should form the two B mesons and the Υ (4S), through the chain reactions (
. This is clearly a problem of thermodynamic irreversibility. Besides, even if we could build such a set up, strong interaction processes in the kaon-pion annihilation would completely swamp the weak interaction process responsible for the decay.
We might consider motion reversal in the mixing, often also referred as oscillation, of the pseudoscalar neutral K, B and D mesons. In this case one compares the probability of a flavor eigenstate (say) K 0 transforming into a K 0 , and vice versa. Since the states K 0 and K 0 are particle and antiparticle, the two transitions are connected by both T and CP transformations. Even if CP T symmetry would be broken, there exists no difference between CP and T in this case. Thus the two symmetry transformations are experimentally identical and lead to the same asymmetry. This flavor-mixing or Kabir asymmetry 45 is independent of time since the two processes have identical time dependence, and is induced by the interference between the dispersive, M 12 , and absorptive, Γ 12 , contributions to the mixing of K 0 and K 0 states. Here, M and Γ are the 2 × 2 mass and decay Hermitian matrices of the effective Hamiltonian describing neutral meson mixing, 19, 46 , and the index 1 (2) refers to B 0 (B 0 ) state.
Evidence at 4σ level for this asymmetry was found by the CPLEAR experiment at CERN in 1998 by studying the reaction 47 . The strangeness (strange and antistrange flavor content) of the K 0 and K 0 mesons at production time was determined by the charge of the accompanying charged kaon. Since weak interactions do not conserve strangeness, the K 0 and K 0 may subsequently transform into each other. The strangeness of the neutral kaon at decay time is determined through the semileptonic decays K 0 → e + π − ν e and K 0 → e − π +ν e , respectively. The asymmetry, shown in Fig. 6 , is effectively independent of time, and reveals a net offset with respect to zero.
The interpretation of the asymmetry relies on two main aspects. Firstly, in the framework of the WeisskopfWigner approach 48, 49 , the effect comes from the overlap (non-orthogonality) of the "stationary" K 0 S and K 0 L physical states. Secondly, the decay plays an essential role; indeed, within the SM the dispersive and absorptive contributions to K 0 -K 0 mixing ( Fig. 7) are at leading order proportional to the mass and decay width differences between the K 0 and K 0 mass eigenstates 19, 31 , respectively. The presence of the decay as an initial state interaction, essential to construct a non-vanishing interference for this observable, has been argued by Wolfenstein to claim that this asymmetry "is not as direct a test of time-reversal violation as one might like" 14, 50 . In the neutral B system, where the decay width difference between the B 0 and B 0 mass eigenstates is negligible, the measurement of this asymmetry has, in fact, brought negative results [51] [52] [53] [54] . Other authors, however, have argued that its interpretation as a genuine signal for T violation does not get affected by these arguments [55] [56] [57] . 
III. B FACTORIES AND CP VIOLATION
At the asymmetric B factories, electron and positron beams collide with high luminosity at a c.m. energy of 10.58 GeVcorresponding to the mass of the Υ (4S) resonance, a vector particle with J P C = 1 −− . The Υ (4S)is abound state of a b and a b quark, that decays exclusively to a pair of B and B mesons. Since the mass of the Υ (4S) is only slightly higher than twice the mass of the B meson, the two B mesons have low momenta (about 330 MeV/c) and are produced almost at rest in the Υ (4S) reference frame with no additional particles besides those associated to the B decays. The energy of the electron beam is adjusted to be between twice and three times larger than that of the positrons, so that the c.m.frame has a Lorentz boost along the collision axis. Two B factory colliders, PEP-II at SLAC in California and KEKB at KEK in Japan, with their corresponding detectors, BABAR 58, 59 and Belle 60 , have been operating during the last decade, accumulating an integrated luminosity of data exceeding 500 fb −1 and 1 ab −1 , respectively.
The electron-and positron-beam energies have been designed to be 9.0 and 3.1 GeV at PEP-II, and 8.0 and 3.5 GeV at KEKB, thus the Lorentz boosts βγ are about 0.56 and 0.42, respectively. This allows a mean separation of the two B mesons along the collision axis in the laboratory frame of about 250 and 200 µm. With a typical detector resolution of 100 µm, it is possible to experimentally determine the distance ∆z between the decay points of the two Bs to obtain the decay time difference ∆t ≈ ∆z/(βγc). This translates into a mean time separation of about 1.5 ps with a resolution ranging typically between 0.6 and 0.8 ps.
A. Entangled neutral B mesons
The decay of the Υ (4S) particle occurs through strong interactions, thus the system of the created pair of B and B mesons inherits the Υ (4S) quantum numbers. About 50% of the BB pairs are B 0 B 0 , when the hadronization process pick ups a dd quark pair, and 50% B + B − when it is a uu pair.
Because B and B are two pseudoscalar states of a unique (complex) field, Bose statistics and angular momentum conservation requires that the wavefunction of the BB pair be in a P-wave, antisymmetric CP -even state 61 ,
The times t 1 and t 2 in Eq. (8) do not refer to time dependence but labels to characterize the states: state 1 (2) is labeled as the first (second) to decay, i.e. t 1 < t 2 . The antisymmetric entanglement is essential: even with B 0 -B 0 mixing between the production time at t = 0 and the first decay at t = t 1 , the state |Υ remains antisymmetric, with no trace of combinations |B 0 |B 0 or |B 0 |B 0 , and only |B 0 |B 0 and |B 0 |B 0 states appearing at any time. The state of the first B to decay at t 1 dictates the state of the other B, without measuring (thus destroying) it, and then evolves in time and decays at t 2 . The antisymmetric wavefunction defined by this EPR entanglement 62, 63 is usually written in terms of the strong-interaction flavor eigenstates B 0 and B 0 , as given by Eq. (8) . It should be noted that the basis choice of B 0 and B 0 states is only a matter of convention. The individual state of each neutral B is not defined in the entangled state |Υ before the first decay. The quantum collapse of the state at decay time t 1 to a flavor specific channel tags the second B as the orthogonal state. Now, consider that the first B decays semileptonically producing a negatively-charged prompt lepton. As shown in Fig. 8 , this decay proceeds through a b → c transition, and the charge of the lepton is completely correlated with the flavor of the b quark, hence the parent B is a B 0 at the instant of its decay. The anticorrelation defined by the wavefunction determines that the other B at that time is a B 0 , thereby it prepares (or tags) a B 0 flavor state. In quantum mechanics language this means that the initial state of the B meson has been prepared or filtered as B 0 . Neutral B mesons start to oscillate just after their production since their mixing rate, ∆m d ≈ 0.5 ps −1 , is comparable to their decay width, Γ d ≈ 0.7 ps −1 . Thus, the state prepared as B 0 will be a superposition of B 0 and B 0 at a later time. As will be discussed further in Secs III B and IV, this quantum mechanical superposition of states is of key importance for the experimental exploration of CP and, especially, time-reversal symmetries. Analogously, with a positively-charged prompt lepton we would have a B 0 tag. There are other signatures that can be used, like prompt charged kaons produced through a b → c → s cascade, as sketched in Fig. 8 . In the following, we denote generically as − X or + X any flavor-specific final state that can be used to identify the flavor of the decaying B. Note that for this procedure to work only right-sign decays should take place, i.e. the wrong-sign decays B 0 → − X and B 0 → + X do not occur.
B. CP violation at B factories
Flavor tagging based on quantum entanglement has been the basis for a decade of CP violation physics at B factories. In these studies, the second B meson, the one that is not used for flavor tagging, is reconstructed into a CP -eigenstate final state, for example J/ψ K 0 S , which has CP -odd parity (except for 0.1% due to CP violation in K 0 -K 0 mixing 31 ). The decay of the B meson into the flavor-eigenstate final state can occur after the decay into the CP eigenstate; to account for this situation the experiments define as convention a signed decay time difference, ∆t = t CP − t flavor . 10,11 follows from the comparison of the B 0 and B 0 decay rates at equal decay proper-time difference, as shown in Fig. 9(a) . The difference between these two distributions signals CP violation. This is more evident in the time-dependent CP asymmetry, shown in Fig. 9(b) , where the difference between the two distributions is normalized to their sum,
It should be noted that the notion of flavor tag adopted here as preparation of the initial state of the second B, using the measurement of the decay of the first B, is different from the one commonly used by the B factory experiments, where tagging refers to the flavor identification of the first B. The reason to adopt this convention, closer to the standard quantum mechanics language, will become more clear later.
One can also use final states with different CP parity, for example the CP -even f = J/ψ K 0 L . Due to its opposite CP eigenvalue, the behaviors of the time distributions for B 0 and B 0 are interchanged and the asymmetry is opposite, as observed in Fig. 9(c,d) . Besides increasing the statistical power of the result, the use of final states with opposite CP parity provides a powerful cross-check of the CP -violating effect.
This CP asymmetry is induced by the interference of amplitudes involved in the two possible paths to reach the same final state f from a B 0 (or its CP conjugate), either through decay without mixing, B 0 → f , or through mixing followed by decay, B 0 → B 0 → f . Therefore, we usually refer to CP violation in the interference between decay amplitudes with and without mixing, or simply indirect CP violation. This type of CP symmetry breaking can be compared to direct CP violation (due to the interference of different decay amplitudes) or CP violation in mixing (arising from the interference of the dispersive and absorptive contributions to mixing) 19 .
Events The time-dependent decay rates and the CP asymmetry can be parameterized in a model-independent way, only assuming quantum mechanics, as
where ∆m d is the mass difference between the physical states of the neutral B meson system, and Γ d is average total decay width. Equation (11) assumes a negligible difference between the decay rates of the mass eigenstates, i.e. ∆Γ d = 0, and CP symmetry in mixing (independently of whether CP T and T are or are not violated). If CP symmetry in mixing holds, then the conditions |q/p| = 1 and z = 0 apply, where q, p and z are three complex parameters introduced to define the eigenstates of well-defined mass and decay width (referred to as mass eigenstates) in terms of the strong interaction (flavor) eigenstates 19, 31 . Adopting an arbitrary sign convention 19 ,
Within the Weisskopf-Wigner approach, these parameters are related to the matrix elements of the 2 × 2 effective, non-Hermitian Hamiltonian H eff describing mixing. Note that the real and imaginary parts of the corresponding eigenvalues are the masses and decay widths, and their splittings are ∆m d and ∆Γ d , respectively. If either CP or CP T is a good symmetry in mixing (independent of T ), then z = 0, and if either CP or T is a symmetry of H eff (independent of CP T ), |q/p| = 1. It then follows that CP with CP T violation in mixing is defined by z = 0, and CP with T violation is through |q/p| = 1. The curves shown in Fig. 9 represent the best fit projections in ∆t using Eqs (11) and (12) . The coefficients S f and C f are related to CP violation. Within the Weisskopf-Wigner approach, these are connected with the fundamental parameter describing indirect CP violation 46 ,
through the relations
where 
where
is associated to the CP parity of the final state. The factor p K /q K arises from K 0 -K 0 mixing, essential for the interference because B 0 and B 0 decay into J/ψ K 0 and J/ψ K 0 , but not into J/ψ K 0 and J/ψ K 0 , respectively. Assuming that the amplitude A f can be described by a single weak phase, the two contributions to CP violation in the parameter λ f , CP with T violation and CP with CP T violation, can be identified easily by separating it into modulus and phase, λ f = |λ f | exp(iφ f ) 65 . CP T invariance in the decay requires |A f /A f | = 1 66 . For |q/p| = 1, experimentally well verified [51] [52] [53] [54] , it follows that |λ f | = 1. T invariance in the time evolution followed by decay requires φ f = 0 or π, i.e. Imλ f = 0 67 . Instead, if A f is the sum of two (or more) amplitudes with nonvanishing weak and strong phase differences between the two amplitudes, then we have |A f /A f | = 1, even if D is CP T symmetric. Thus, if |A f /A f | = 1 then we have either both CP T symmetry in decay and a single amplitude, or an unlikely cancellation of T and CP T violation in decay amplitudes.
In the SM, B 0 -B 0 mixing is dominated by the box diagrams shown in Fig. 10(a) , leading to q/p ≈ V * tb V td /V tb V * td 19, 46 . For the final state f = J/ψ K 0 S , the B decay is dominated by the b → ccs tree amplitude in Fig. 10(b) , followed by K 0 -K 0 mixing (Fig. 7) . Therefore, from Eq. (16) it follows
This leads to C f = 0 and
31 is the angle between the t and c sides of the bd unitarity triangle, illustrated in Fig. 2 . In the Wolfenstein parameterization, β ≡ −argV td . Thus, the same magnitude is expected for the CP -even and CP -odd modes up to a small correction due to CP violation in . The deviation due to the penguin contributions with different CKM phase has been estimated to be smaller than 1% 68, 69 . Physics beyond the SM could modify the phase of q/p (thus S f ) and C f , although large effects are unlikely to be generated in the latter due to the dominance of the tree amplitude in decay 
IV. TIME-REVERSAL EXPERIMENT CONCEPT
We might be tempted to interpret these CP violation results as evidence for time-reversal non-invariance. The experimental study has been performed invoking ∆Γ d = 0 and CP invariance in mixing (|q/p| = 1 and z = 0), although the good agreement between the data points and curves observed in Fig. 9 hints that the effects of possible deviations from these assumptions are well below the statistical sensitivity of the current data. Indeed, dedicated studies have shown the good agreement of the results with and without making these assumptions 71, 72 . Moreover, the results are consistent with C f = 0 and S f = 0, and therefore, according to Eq. (14), with |A f /A f | = 1 for |q/p| = 1 and Imλ f = 0. Within the Weisskopf-Wigner approach these values are compatible with CP with CP T symmetry in decay, and CP with T violation in the interference of decay with and without mixing 65, 73 . This is not, however, the question of interest here, but to set up an experiment capable to demonstrate by itself motion reversal non-invariance between states that are not CP conjugate to each other, as discussed previously.
A. Entangled neutral B mesons revisited
The solution [12] [13] [14] 74, 75 arises from the quantum mechanical properties imposed by the EPR entanglement 62,63 between the two neutral B mesons produced in the Υ (4S) resonance decay. Just as one B meson in the entangled pair is prepared in the B 0 or B 0 states at the time when the other B is observed as a B 0 or B 0 by a decay into + X or − X, respectively, the first decay of one B into the final states J/ψ K 0 S or J/ψ K 0 L prepares the other B into well defined, orthogonal linear combinations of B 0 and B 0 states. In fact, this idea offers the opportunity to explore separately time reversal, CP and CP T symmetries, selecting appropriately different transitions defined by different decay channels.
For the entangled state of the two mesons produced by the Υ (4S) decay, the individual state of each neutral B meson is not defined before its collapse as a filter imposed by the observation of the decay. Thus, the state |Υ in Eq. (8) can be written in terms of any pair of orthogonal states of the individual B mesons, i.e. a linear combination of B 0 and B 0 , that we denote B + , and its orthogonal state, B − ,
As in Eq. (8), the time evolution (including mixing) preserves only |B + |B − and |B − |B + terms. Neglecting CP violation in K 0 -K 0 mixing, which holds within O(10 −3 ) 31 , and assuming that B 0 → J/ψ K 0 and B 0 → J/ψ K 0 , the normalized states
where N = |A|/ |A| 2 + |A| 2 , have the property that the former decays into J/ψ K 0 L , but not into J/ψ K 0 S , and the latter into J/ψ K
The proof is as follows. Adopting the same sign convention as in Eq. (13) 76 , and assuming CP T invariance in kaon mixing, we have
with
In the absence of wrong-strangeness B decays,
hence B + cannot decay into J/ψ K 
We call the quantum preparation of the initial state at t 1 , using the filter imposed by the observation at t 1 , a "B + (B − ) tag". Sometimes it is referred to as a "CP tag" 77 because it is defined through decays into CPeigenstate final states. The B + or B − states prepared by entanglement at t 1 evolve in time until they are observed at some later time t 2 in a decaying final state filtering another linear combination state. For convenience, we restrict to flavor-specific final states − X and + X that can be used to filter, assuming no wrong-sign B decays, the state of the B meson at t 2 To clarify the foundations of the time-reversal experiment, consider the case illustrated in Fig. 11 . In the top panel, the first B decays into a + X final state (for example a semileptonic final state producing a positivelycharged prompt lepton or an hadronic final state with a positively-charged kaon). This final state filters the quantum-mechanical state of the other B at time t 1 as B 0 . The surviving meson tagged as B 0 is observed later at t 2 to decay into a final state J/ψ K 0 L that filters the B meson to be in a B + state. Therefore, the event class
, encapsulating a time ordering, undergoes a transition B 0 → B + in the elapsed time t = t 2 −t 1 . This transition has, according to the convention in Eq. (9), a decay time difference ∆t = t > 0. As shown in the bottom panel, T transformation demands to set up the conditions for the mirrored transition B + → B 0 . The B + tag requires the first B to decay into the J/ψ K 0 S final state, whereas the surviving meson tagged at t 1 as B + has to be observed at t 2 through its decay into a − X flavor specific final state. The time-ordered event class is now (J/ψ K 0 S , − X), which according to Eq. (9) yields a decay time difference ∆t < 0. Thus and from now on, "∆t > 0" ("∆t < 0") will refer to the time ordering in an event class with a flavor-(CP -) eigenstate decay channel appearing first. Note that this non-trivial T transformation is not defined by the "∆t reversal" obtained just by flipping the time ordering of the decay channels for a given event class. For this to be achieved, EPR entanglement together with the availability of both flavor-and CP -eigenstate decay modes to filter appropriate neutral B states, has been key for the quantum preparation of the B-meson initial state in the transition and its motionreversed version; the problem of particle instability has been thus avoided.
B. Transitions among B meson states
For the four initial states B 0 , B 0 , B + , and B − prepared by entanglement, and the four final states B 0 , B 0 , B + , and B − available through decay, it is possible to construct eight transitions and their corresponding time-ordered event classes (f 1 , f 2 ) given in Table I 75 . In this notation, the final state f 1 is observed at time t 1 and the final state f 2 is observed at time t 2 = t 1 + t, where t > 0 is the elapsed time. The matching between event classes and transitions applies under the assumption of absence of wrong-strangeness and wrong-sign B decays, CP invariance in K 0 -K 0 mixing, and |A/A| = 1. Recently an extended discussion, including wrong-strangeness and wrong-sign B decays, has been presented 78 . The observation of an asymmetry between the probabilities for transitions on the right and left panels of Table I ,
will be an unambiguous demonstration of motion reversal in time evolution of states that are not CP conjugate to each other. Here, U(t) is the time-evolution operator determined by the effective Hamiltonian H eff . Note that the notation has been changed in comparison to Sec. II A since t denotes now the elapsed time. We immediately realize that each of the four independent time-reversal comparisons in Table I uses a pair of timeordered event classes involving four different final states at different times, + X and − X at times t 1 (or t 2 ) and t 2 (or t 1 ), and J/ψ K 0 S and J/ψ K 0 L at times t 2 (or t 1 ) and t 1 (or t 2 ), respectively. Therefore, time-reversal tests require the comparison of probabilities for event classes with opposite time ordering (opposite ∆t sign) and different observed flavor-and CP -eigenstate final states, as illustrated in Fig. 12 75 . With the same approximations, differences like states, but common CP -eigenstate final state and same ∆t sign, CP T demands a common flavor-specific final state, different CP -eigenstate final states, and opposite ∆t sign (see Fig. 12 ) 75 . Therefore, the time-reversal case is the most challenging.
V. BABAR TIME-REVERSAL ANALYSIS
The BABAR detector recorded an integrated luminosity of 518 fb −1 of data, of which 424 fb −1 were taken at a c.m. energy corresponding to the mass of the Υ (4S) resonance, 28 and 13.6 fb 58 . These luminosities correspond to about 470 × 10 6 BB, 690 × 10 6 cc, and 500 × 10 6 τ + τ − pairs, and 121 × 10 6 Υ (3S) and 99 × 10 6 Υ (2S) resonances. For the time-reversal analysis 1 BABAR used all BB and Υ (4S) off-resonance data.
The BABAR detector, sketched in Fig. 13 , was designed as a general purpose detector for e + e − annihilation physics 59 . Surrounding the interaction point is a five-layer, double-sided Silicon Vertex Tracker (SVT), which measures the angles and impact parameters of charged particle tracks. A 40-layer Drift Chamber (DC) surrounds the SVT and provides measurements of the momenta for charged particles. Charged hadron identification is achieved through measurements of energy-loss in the tracking system and the Cherenkov angle obtained from a Detector of Internally Reflected Cherenkov light (DIRC). A CsI(Tl) electromagnetic calorimeter (EMC) provides photon detection, electron identification, and π 0 reconstruction. These components are inserted inside a solenoid magnet, which provides a 1.5 T magnetic field. The flux return of the magnet (IFR) is instrumented with resistive plate chambers and limited streamer tubes in order to detect muons and K 0 L s 58 . Figure 14 illustrates the transverse view of the computer reconstruction of a BB event. The detector performance has been very sta-
Expected time-dependent probability distributions for the eight time-ordered event classes given in Table I, shown as a planar map. They are identified by the flavor-specific ( 
ble over the nine years of operation, supporting a broad flavor physics program. Although the CP -violation and time-reversal analysis concepts are fundamentally different, the experimental analyses are closely connected to each other. Reconstruction algorithms, event selection criteria, calibration techniques and descriptions of the background composition are common 64 . However, the selected signal events for the time-reversal measurement require somewhat different treatment.
A. Event reconstruction and selection
In addition to J/ψ K Figure 15 shows the m ES and ∆E data distributions for the final sample of about 7800 ccK 0 S signal events with purities ranging from 87 to 96%, and 5800 J/ψ K 0 L signal events with purities around 60%.
Since the mass of the Υ (4S) is only slightly higher than twice the mass of the B meson, no additional particles are produced. Thus, the flavor identity of the B meson not associated with the reconstructed ccK final states that identify the flavor of the B as B 0 (B 0 ). In practice, these flavor identity signatures are combined using a neural network whose output is used to divide the events into six hierarchical, mutually exclusive flavor categories of increasing misidentification probability. The proper time difference between the decay of the two B mesons, ∆t, is measured by the separation of the two decay vertices along the e + e − collision axis and the known boost, as discussed in Sec. III.
Besides the CP eigenstate final states, other highstatistics, flavor-specific final states like
(and their CP conjugates) are reconstructed, and are used for calibrating the ∆t resolution and the flavor misidentification probability. Charged B meson decays like B ± → J/ψ K ± , ψ(2S)K ± , J/ψ K * ± are likewise detected and used for systematic checks.
B. Signal data treatment and results
Assuming ∆Γ d = 0, the time dependence of each of the eight transitions depicted in Fig. 12 can be parameterized in a model-independent way as + X decay mode. Neglecting time resolution, the elapsed time between the first and second decay is t = ∆t for flavor tags, and t = −∆t for B ± tags. As illustrated in Fig. 16 , time resolution mixes events with positive and negative true ∆t, i.e. a true event class
, corresponding to a B − → B 0 transition, and vice versa. To determine separately the coefficients for event classes with true positive ∆t (flavor tag) or true negative ∆t (B ± tag), it is necessary to unfold the time ordering and the ∆t resolution. This is accomplished by using a signal probability-density-function for the four distributions of the form
where ∆t true is the signed difference of proper times between the two B decays in the limit of perfect ∆t resolution, H is the Heaviside step function, R(δt; σ ∆t ) is the resolution function, with δt = ∆t − ∆t true , and σ ∆t is the estimate of the ∆t uncertainty obtained by the reconstruction algorithms. This unfolding procedure, which requires good ∆t resolution and excellent knowledge of the resolution function, especially in the low |∆t| region, is of critical importance to resolve the time ordering and represents in practice the main experimental challenge of this time-reversal analysis 1 in comparison to the associated CP violation analysis 64 . From the eight pairs of signal coefficients, reported in the left panel of Table II , one might construct two sets (±) of three pairs each of independent asymmetry parameters, (∆S Fig. 12 and also shown in the right panel of Table II . There are multiple choices to define the asymmetry parameters but for convenience two sets (panels in the first and second columns, and in the third and fourth columns of Fig. 12 ) of asymmetries related to each of the three discrete symmetries are chosen. The reference transitions are taken by convention B + → B 0 and B 0 → B − , corresponding to event classes (ccK 0 S , + X) and ( + X, ccK 0 S ), respectively (see Fig. 12 and Table II ). This choice has the advantage that the breaking of time-reversal symmetry would directly manifest itself through any nonzero value of ∆S ± T or any difference between ∆S ± CP and ∆S ± CP T . Systematic uncertainties in the measurement of the coefficients and asymmetry parameters in Table II are control samples, to assess the robustness of the results. Of special relevance is the check performed using event classes where the neutral B meson reconstructed in the ccK
states is replaced by a charged B decaying to ccK ± and J/ψ K * + , respectively. It is found that all coefficients and parameters, shown in Table II , are consistent with zero.
C. Interpretation of results and significance
The ability of this analysis to describe the data can be assessed by visualizing the rate differences between the transitions and their time-reversed conjugates in Table I. The inequalities among probabilities are better determined in the form of asymmetries along the lines of Eq. (10). For transition B 0 → B − (first entry in Table I ),
where H ± α,β (∆t) = H α,β (±∆t)H(∆t). With this construction, A T (∆t) is defined only for positive ∆t values. Neglecting reconstruction effects,
The three other asymmetries, corresponding to the last three entries in Table I, Figure 17 shows the four time-reversal asymmetries constructed in this way. The data are well described by the red solid curves, which represent the projection of the best fit to the eight (S ± α,β , C ± α,β ) pairs, as reported in Table II . These curves deviate significantly from the dashed blue curves, which represent the fit projection for time-reversal invariance, i.e. ∆S All eight C ± α,β in Table II are compatible with zero, therefore the |A/A| = 1 condition discussed in Sec. IV A is validated within errors and the association between event classes and transitions in Table I is confirmed. It follows that the observation ∆S ± T = 0 and ∆S Table II is an unambiguous, direct detection of time-reversal violation in the time evolution of neutral B mesons, obtained through motion reversal in transitions that are not CP conjugate to each other. The violation of time-reversal symmetry is also clearly seen through the large differences between the red solid and dashed blue curves in all four asymmetries shown in Fig. 17 .
The significance of the observed time-reversal violation is evaluated on the basis of changes in log-likelihood value ln L with respect to the maximum (−2∆ ln L). The difference −2∆ ln L between the fit without T violation and the best fit is 226, including systematic uncertainties. Assuming Gaussian statistics, this corresponds to a significance of 14σ, evaluated from the upper integral at −2∆ ln L of the χ 2 probability distribution for 8 degrees of freedom 79 (p-value) 31 . Figure 18 shows p-value 
0.10 ± 0.14 ± 0.08 . In the two cases cases we can observe that the T invariance point is excluded at 6σ level. The difference −2∆ ln L for fits assuming CP T or CP symmetry are 5 and 307, corresponding to 0.3σ and 17σ, consistent with CP T invariance and CP violation, respectively. These values, combined with those in Table II, Following the discussion in Sec. IV A and assuming CP conservation in mixing (i.e CP with T invariance, and CP with CP T symmetry in mixing), all eight pairs of coefficients S ± α,β and C ± α,β are related,
In the SM, the eight S ± α,β coefficients are measurements of S = sin 2β ≈ 0.7. The results in Table II lead to a mean value S = 0.686 ± 0.029, which is consistent with the value obtained from the CP violation investigation based on the same data 64 . Analogously, the measurement of the eight C ± α,β coefficients result in a mean value of 0.022 ± 0.021, consistent with both the previous CP analysis and zero. 
VI. CONCLUSION
The arrow of time in systems with large number of degrees of freedom is a thermodynamic property of entropy associated to the irreversibility of boundary conditions. However, time's arrow is not related to the question of time-reversal symmetry in the fundamental laws of physics. Only two physical systems in nature, the unstable K and B mesons, have a relatively large expected breaking of time-reversal symmetry; in these systems CP violation has been observed and no experimental data contradicts the CP T theorem. Therefore, K and B mesons are a best choice for an experiment detecting directly time-reversal non-invariance.
The main principle for a direct detection of timereversal violation in transitions is the exchange of initial and final states. A unique opportunity arises from the quantum-mechanical properties imposed by the EPR entanglement between the two neutral B mesons produced in the Υ (4S) resonance decay at B factories. The observation of the first B decaying into the flavor eigenstates + X or − X, or the CP eigenstates ccK Time-reversal and CP symmetry breakings are seen in two separate observations (the states involved in the transitions are not CP conjugate to each other) and the asymmetries are time dependent with only a sin(∆m d ∆t) term, of order O(10 −1 ), and are induced by the interference of decay amplitudes with and without mixing. The corresponding measurement of the weak phase from timereversal asymmetries match those from CP asymmetries, therefore the observed T and CP violations balance to each other, supporting CP T invariance in the time evolution of B mesons. This is in contrast to the flavor-mixing asymmetry in K 0 -K 0 transitions measured by CPLEAR, where CP and T transformations are identical and the asymmetry is time independent, of order O(10 −3 ), and is produced by the interference between the dispersive and absorptive contributions to K 0 -K 0 mixing.
The concept of direct detection of time-reversal violation in transitions might be extended to include systematic tests using pairs of B and D mesons created in the decay of the Υ (4S) and ψ(3770) resonances 80 , as well as pairs of K mesons from the φ(1020) 81 . In the latter case, there are important differences triggered by a nonvanishing decay width difference, the non-orthogonality of the K The main limitation of the method is associated with the identification of the appropriate decay channels used to filter the states of the time-reversed transition. Specifically, it is necessary to identify pairs of decay channels that project into meson states orthogonal to each other This orthogonality condition is satisfied by conjugate flavor eigenstate decay channels ( − X, + X) and by CP eigenstates of opposite CP parity with the same flavor content (ccK 85 , though the connection between the experiment and the time-reversal observables requires some theoretical input.
